[1] The absence of very shallow seismicity in thrust faults could be due to either a layered pore pressure/depth profile or to heterogeneous lithology of the crust. Poroelasticity equations were solved by the finite element discretization of a two-dimensional plane strain cross-section simulating a thrust environment. Although the modeled faults are actively compacting during thrusting, our numerical results show that the pore pressure accumulation in the basement is faster than in the fault zone and therefore the fluid flow is directed into the fault. The combination of heterogeneous rheology, with the existence of hydrostatic fluid, retards failure near the land surface. A layered pore pressure/depth profile, where the pore pressure is hydrostatic in the sediments and near lithostatic in the basement, magnifies this result and failure occurs faster. In fact, with this pore pressure/depth profile, failure is reached at the same depth regardless of the crustal structure we assume.
Introduction
[2] The distribution of earthquake depths defines the socalled ''seismogenic zone'' and is usually between 3 -15 km depth [Sibson, 1982; Scholz, 1990] . The upper and lower limits of the seismogenic zone have been attributed to a geomechanical stability transition: the lower transition from unstable to stable slip is likely due to increasing temperature [Brace and Byerlee, 1970; Tse and Rice, 1986] , and the upper transition from stable to unstable slip is likely due to stabilizing effects of low normal stress [Dietrich, 1978] , lithological changes within the fault zone [Marone and Scholz, 1988] or temperature effects [Blanpied et al., 1998 ].
[3] Another possible explanation for the absence of very shallow earthquakes is that the failure condition is never reached at these depths, even when the fault is not creeping. In this case the upper limit of the seismogenic zone is not a stability transition but instead marks the depth above which failure does not occur.
[4] Proximity of a fault to failure can be quantified using Coulomb failure stress (CFS) [Harris and Simpson, 1992; Beeler et al., 2000] :
wheret is the shear stress on the plane of the fault, m s is the coefficient of static friction, s n is the normal stress across the fault plane (positive for compressive stress), p is the pore pressure, and C is the cohesive strength of the fault. Zero or positive values of CFS imply that failure has been reached. A thrust fault with 30°dip angle will fail near the land surface because the normal stress on the fault decreases faster than the shear stress with decreasing depth [Rudnicki and Wu, 1995] , assuming a homogeneous elastic half space with initial lithostatic stress, hydrostatic pore pressure gradient, and a constant horizontal tectonic load. Therefore, the absence of very shallow earthquakes cannot be explained by failure behavior in a simple homogeneous half space.
[5] In this paper we examine the upper limits for seismicity along pre-existing thrust faults. We find that the lack of very shallow seismicity can be explained by two reasons: 1) a specific pore pressure/depth profile and, 2) heterogeneous lithology of the country rock.
Hydromechanical Model
[6] To explore this problem, we formulate the force equilibrium equations using displacements and pore pressure as the primary variables [Wang, 2000] Gr
where G is the shear modulus, u i is the displacement in the i direction, n is the drained Poisson's ratio, a is Biot's coefficient, p is the pore pressure, and F i is the body force. The fluid mass conservation equation for saturated isothermal flow is [Wang, 2000] 
where k ij is the permeability of the medium, m is the fluid viscosity, r f is the fluid density, e kk is the volumetric strain, and S e is the specific storage at constant strain. The poroelasticity equations were solved by the finite element method for a two-dimensional, plane strain, cross-section, closely following the formulation of Lewis and Schrefler [1987] . CFS was calculated along the existing faults within the cross-section, assuming representative values of m = 0.75 and C = 10 MPa [Byerlee, 1967; Handin, 1969; Byerlee, 1978; Jaeger and Cook, 1979, Lockner, 1995; Zoback and Townend, 2001] .
[7] A generic continental domain was discretized with a mesh covering a region 75 km long and 14 km deep that includes two very large thrust planes which crosscut sedimentary beds and crystalline basement (Figure 1 ). Assumed GEOPHYSICAL RESEARCH LETTERS, VOL. 29, NO. 24, 2155 , doi:10.1029 /2002GL016363, 2002 Copyright 2002 by the American Geophysical Union. 0094-8276/02/2002GL016363$05.00 hydraulic and poroelastic properties, as listed in Table 1 , are based on compiled measurements for sandstone and granite [Detournay and Cheng, 1993; Ingebritsen and Manning, 1999; Wang, 2000] . The elastic properties of the thrust faults are assumed to be the same as for the sediments. Fault parameters are difficult to determine and direct measurements are rare [Antonellini and Aydin, 1994; Caine and Forster, 1999] . Although the porosity of faults is not well constrained, it is well accepted that the creation of fault gouge during fault slip, along with healing and sealing of the fault, result in a general reduction of the fault permeability and porosity (Blanpied et al., 1992) . In Figure 1 , the faults are nearly impermeable barriers for fluid flow except immediately after rupture, after which they briefly become highly permeable channelways for fluid discharge [Sibson, 1992] . We consider only the inter-seismic period, assuming initial lithostatic stress until the first failure. Initially, the permeability of the faults is the same as the surrounding host rock (Table 1 ). The mechanical properties of the faults and the sedimentary layer are identical, whereas the basement is more rigid. The top boundary is open to the atmosphere and the bottom and lateral sides are assumed to be impermeable.
[8] Mechanically, the left boundary is subjected to an imposed velocity of 2 cm/yr to the right with unconstrained vertical displacement; the bottom boundary is free to move horizontally but fixed vertically; the right boundary is free to move vertically, but fixed horizontally. The top boundary is free to move in all directions. Many different initial pore pressure profiles, boundary conditions, and material properties were tested, but only a few of the more interesting results are presented here.
Numerical Results
[9] Because the top layer and the faults have exactly the same initial elastic properties, the pore pressure and the effective stress have about the same values within and outside the fault after 6,000 years of tectonic compression, representing 120 meters of lateral shortening (Figure 2 ). The basement, however, which is more rigid, develops higher pore pressures and stresses (Figures 2a, 2b, 2c ). This result is at variation with models proposed by Byerlee [1990] and Rice [1992] who showed that a ''weak'' SanAndreas fault could be explained by high fluid pressure in the fault. In our simulation, the displacements are about the same order of magnitude everywhere (using velocity boundary conditions), and therefore the magnitude of elastic constants control the magnitude of the pore pressure (equation 2). At high values (rigid) the pore pressure and the stress are high, and at low values (soft) the pore pressure and the stress are low. Even though the faults are actively compacting, the pore pressure accumulation in the surrounding basement rock is faster than in the fault zone and therefore the fluid flow is focused into the fault. The horizontal effective stress is higher than the vertical effective stress (note the different scales) because of the horizontal compression. The vertical stress is approximately the overburden load because the top boundary is free so there is no stress added to the vertical direction. Vertical effective Figure 1 . Numerical mesh and boundary conditions. The lithological units include sediment layer, basement and two thrust faults. The hydrologic boundary conditions include p = 0 top boundary (water table) and impermeable lower and horizontal boundaries. The mechanical boundary conditions: left boundary subjected to an imposed velocity of 2 cm/yr rightwards and unconstrained vertical displacement, bottom boundary free to move horizontally and fixed vertically, right boundary free to move vertically and fixed horizontally, and top boundary free to move in all directions. stress is higher in the faults than in the basement because the pressure is lower (Figure 2c ). The pore pressure and the effective vertical stress have about the same values so that the total vertical stress is the sum of these two quantities, and thus hydrofracturing does not occur. At initial isostatic stress (i.e. s 1 = s 2 = s 3 ), the principal axes of the stress tensor are horizontal and vertical (s xz = 0). With loading, because of contrasts in mechanical properties of the different lithological units and because of the pore pressure accumulation, shear is introduced, and the orientation of principal stresses is rotated (Figure 2d) , as discussed by Rice [1992] and Byerlee [1992] . The complex pattern arises because the slope of the fault is constant in an element but is changing between elements. The larger the CFS is, the closer the fault is to failure (Figure 2e ). In this case the fault failed at depth of 4 km. The transient CFS evolution at two points within the fault zone (a and b at Figure 1 ) is shown in Figure 3 . Although the initial CFS at the shallower point is closer to failure, the fault eventually fails after 6,000 years at the deeper point, because at this point the host rock is more rigid and the CFS is changing faster. In this model the slope of the faults is decreasing from an optimally oriented 30°at the land surface to 0°at depth of 11 km. The failure occurs at a depth of 4 km in spite of the changing slope.
[10] In the scenario of a dry cross-section with the mechanical properties listed in Table 1 , failure of the fault occurs at the top land surface. For a geologically homogeneous cross-section with faults and hydrostatic pore pressure, failure also occurs at the land surface. The combination of heterogeneous mechanical properties as shown in Figure 1 , with the influence of fluid pressure, retards failure near the surface, but different pore pressure/depth profiles also alter the failure location. For example, if the pore pressure is hydrostatic in shallow layers and near lithostatic (l v = fluid pressure/solid vertical stress = 0.9) in deeper layers, then the fault fails at the transition zone between the two regimes even for a mechanically homogeneous cross-section. Under this scenario, the fault will fail after 4,000 years at the same location, as when the initial pore pressure was hydrostatic everywhere (compare with 6,000 years for initial hydrostatic pore pressure).
Discussion
[11] Elevated pore pressures reduce the effective normal stress throughout a rock mass and thereby reduce the shear strength of faults [Hubbert and Rubey, 1959] . Hydrostatic fluid pressures exist at shallow depths in many basins, whereas overpressured fluids exist below [Bredehoeft and Hanshaw, 1968; Berry, 1973; Bradley, 1975; Neuzil, 1995; Tóth and Almási, 2001] . Streit [1997] calculated strength/ depth profiles based on a fault valve model [Sibson, 1992] and showed that the location of the strength minimum depends on the pore pressure/depth profile. The strength minimum is reached where a near-lithostatic fluid pressure is attained. However, in strength/depth calculations the actual shear stress of the fault is not known and the failure location is assumed to be at the strength minimum, but it is not calculated. The actual failure condition (CFS) could not be calculated without considering the shear stress along the fault.
[12] Our numerical results show that by using the same initial pore pressure/depth profile as suggested by Streit [1997] , failure is indeed reached where a near-lithostatic fluid pressure is attained. However, when using a different initial pore pressure/depth profile where the pore pressure is Figure 1 ). Although the initial CFS at the shallower point is closer to failure, the fault eventually fails at the deeper point because at this point the host rock is more rigid and the CFS is changing faster.
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hydrostatic everywhere, there is no strength minimum and yet failure occurs at the same depth due to different mechanical properties of the layered crust. If a sedimentary basin is subjected to tectonic loading and a fault zone within the basin is much softer mechanically than the host rock (basement), then most of the deformation takes place at the fault zone. Consequently, high stresses develop within the fault zone, though less than in the host rock (Figures 2b and 2c) . If the fault zone rigidity is the same order of magnitude as the host rock (sediments), then the deformation will be transmitted more equally between the fault and the host rock and thereby decrease the stress within the fault (Figures 2b and  2c) . Failure on the fault will occur, therefore, first in the basement where the stress is higher (Figure 2e ).
Conclusions
1. Although fault creep is known to exist in some faults and is commonly cited as the reason for the absence of very shallow earthquakes, our poroelastic analysis suggests that thrust faults fail at depths greater than 3 km because of a pore pressure/depth profile that is not hydrostatic or because of mechanically heterogeneous crust. Each by itself could be solely responsible for the paucity of very shallow earthquakes.
2. For a representative geological cross-section where basin sediments overlay crystalline basement, the pressure of pore fluids with a uniform hydrostatic pore pressure gradient is sufficient by itself to change the failure location of a thrust fault from near the land surface to the basement. The thrust fault in the relatively soft sediment with low pore pressure has correspondingly low values of CFS, yet it fails in the more rigid basement with higher pore pressure. A different pore pressure/depth profile, where the pore pressure is hydrostatic in the sediments and near lithostatic in the basement, magnifies this result and failure occurs faster. In fact, with this pore pressure/depth profile, failure is reached at the same depth regardless of the crustal structure we assume.
3. The coupled numerical model predicts pore pressures that are higher in the host sedimentary and crystalline rock than in the thrust faults, even though both are overpressured.
